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Introduction One of the difficult problems in hydrology is
. Although it is known that these solutions offer acceptable accuracy for mildly sloping aquifers, the accuracy of the linearized solution with respect to the nonlinear solution and with respect to the exact solution has not been tested, in part because of the scarcity of systematic analytical methods to solve nonlinear equations.
In this article a comparison between the three solutions (i.e., linearized Boussinesq, nonlinear Boussinesq, and exact Laplace's subject to the nonlinear free-surface boundary condition) is attempted for the hydraulic heads and the groundwater flow velocities (section 2). New contributions in the decomposition method [Adomian, 1994 [Adomian, , 1991 [Adomian, , 1986 ] allow a systematic treatment and solution of nonlinear, deterministic or stochastic, ordinary, partial, or integro-differential equations. The decomposition method does not require linearization or small perturbation assumptions, which are usually adopted to make the mathematics tractable and not necessarily to reflect field conditions. It generates a series solution, much like Fourier series, which usually converge rapidly. Finally, the solution is analytic since no domain discretization, and its associated massive computation, is required. Applications of decomposition methods are beginning to appear in the hydrologic literature [i.e., Serrano and Unny, 1987; Serrano, 1993] with promising possibilities for the solution of increasingly complex problems.
In section 3 a new nonperturbation solution of the twodimensional plan groundwater flow equation in a heterogeneous (heterogeneity represented as a spatial random field) aquifer is presented. This solution is not attached to the limitations of existing small-perturbation solutions (variances are not required to be "small"); the actual transmissivity field, rather than its logarithm, is considered; and the underlying groundwater flow problem with its regional hydrology (i.e., boundary conditions, recharge from rainfall) is specifically included. Expressions for the statistical properties of the longitudinal and transverse velocities are derived. It is hoped that the resulting statistical properties of the velocity field will aid in the building of scale-dependent groundwater transport models.
Analysis of the Groundwater Flow Equation in Unconfined Aquifers
The 
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As usual in the decomposition method [Adomian, 1994 [Adomian, , 1991 [Adomian, , 1986 ] for nonlinear equations we define the series solution for (9) as Consider now the exact boundary value problem ((1) and (2)) for the above aquifer. Let us formulate the hypothesis that the free surface is a known function, h(x), given by (6). After deriving a solution of (1) Figure 5 shows an example of the horizontal velocity as calculated from the linearized, the nonlinear Boussinesq, and the exact equations, respectively. The best agreement between the three versions occurs in cases of low recharge or high hydraulic conductivity. Figure 5 represents such a case. It can be seen that the disagreement is not substantial. Finally, Figure 6 shows the distribution of the vertical velocity. In most cases the magnitude of the vertical velocity is a fraction of the horizontal. The above observations do not hold in cases of shallow rivers acting as boundaries of deep homogeneous aquifers (the Toth's aquifer). In such aquifers, however, aquifer layering and natural heterogeneity would tend to enhance velocities along the horizontal or the principal direction of permeability.
4• = -[• + mg 2 + m(• -g)2(2h"h + 5h'2)]h"(z2/2) and the solution of (25) is approximated as •b • •bo + •bl, where 4>0 is given by (28) and 4>1 is given by (29). Thus from (26), (28), and (29) the solution to (19) is approximated as •b(x, z) = (1 + Y) (h/2) -(Vh"2/4),
In conclusion, the linearized Boussinesq equation constitutes a good approximation to the head and groundwater velocity in unconfined aquifers with mild regional hydraulic gradients, for the ranges of recharge commonly encountered in nature and especially in aquifers exhibiting high values of hydraulic conductivity. These constitute the most important aquifers for water resources management and the most sensitive from the groundwater pollution point of view. Finally, aquifer recharge generates a spatially (scale) dependent groundwater flow velocity, and therefore dispersion coefficients functionally defined in terms of velocity should naturally reflect this scale dependency [Serrano, 1992] .
Application to Regional Heterogeneous Aquifers
We now extend the results from the previous section to two-dimensional, plan view, heterogeneous aquifers. Our objective is to derive expressions for the longitudinal and transverse velocity, which constitute the bases to functionally define dispersion parameters. We choose a two-dimensional plan groundwater system for the analysis since, from the previous results, the Dupuit assumptions appear to be reasonable and a detailed representation of the vertical dimension does not seem important at the field scale. However, we remark that the following could be easily extended to general three-dimensional groundwater flow. Thus the two-dimensional version of (4) is negligible in the y direction commonly studied in contaminant hydrogeology. Aquifer heterogeneity will be characterized as a random field with known second-order statistical properties. This approach has received considerable attention in the last two decades. However, in this study the statistical properties of the "raw" transmissivity, rather than its logarithm, will be considered, and no particular probability law will be assumed. The decomposition solution that follows does not need the artificial logarithmic reduction of the transmissivity variances required by the traditional small-perturbation solutions. From the practical point of view the modeler rarely has sufficient information to characterize a particular probability law, and the second-order statistics are the only information available. Finally, the following procedure does not require stationarity in the random quantities. However, information necessary to characterize nonstationarity is rarely available in practical applications. Thus the transmissivity field is modeled as r(x, y, o,)= + (x, y, The effect of aquifer heterogeneity was subsequently studied by solving the two-dimensional, plan view, flow equation subject to spatially variable transmissivity as represented by a random field. Expressions for the longitudinal and transverse flow velocities and their statistical properties were derived. It was found that the longitudinal groundwater flow velocity is functionally dependent on distance (scale), aquifer recharge, the boundary conditions, and aquifer heterogeneity and therefore dispersion coefficients defined in terms of velocity should naturally reflect this scale dependency. Velocity variances are directly related to the magnitude of the hydraulic gradient as
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